Pasteurella multocida is a Gram-negative bacterial pathogen classified into 16 serovars based on lipopolysaccharide (LPS) antigens. Previously, we have characterized the LPS outer core biosynthesis loci L1, L2, L3, L5 and L7, and have elucidated the full range of LPS structures associated with each. In this study, we have determined the LPS structures produced by the type strains representing the serovars 10, 11, 12 and 15 and characterized a new LPS outer core biosynthesis locus, L6, common to all. The L6 outer core biosynthesis locus shares significant synteny with the L3 locus but due to nucleotide divergence, gene duplication and gene redundancy, the L6 and L3 LPS outer cores are structurally distinct. Using LPS structural and genetic differences identified in each L6 strain, we have predicted a role for most of the L6 glycosyltransferases in LPS assembly. Importantly, we have identified two glycosyltransferases, GctD and GatB, that differ by one amino acid, A162T, but use different donor sugars [uridine diphosphate (UDP)-Glc and UDP-Gal, respectively]. The longest outer core oligosaccharide, produced by the serovar 12 type strain, contained a terminal region consisting of β-Gal-(1,4)-β-GlcNAc-(1,3)-β-Gal-(1,4)-β-Glc that was identical in structure to the vertebrate glycosphingolipid, paragloboside. Mimicry of host glycosphingolipids has been observed previously in P. multocida strains belonging to L3 LPS genotype, which produce LPS similar in structure to the globo-series of glycosphingolipids. The expression of a paragloboside-like oligosaccharide on the LPS produced by the serovar 12 type strain indicates that strains belonging to the L6 LPS genotype may also engage in molecular mimicry.
Introduction
The Gram-negative bacterium Pasteurella multocida is a highly successful pathogen that can cause a range of serious diseases, including fowl cholera in chickens and turkeys, hemorrhagic septicemia in cattle and atrophic rhinitis in pigs. Isolates can be typed based on lipopolysaccharide (LPS) antigens into 16 serovars using the Heddleston gel diffusion precipitation test (Heddleston et al. 1972) . We have undertaken an extensive study to determine both the structure of the LPS produced by P. multocida strains representing all serovars as well as the genetics underlying LPS assembly. All P. multocida strains examined to date produce LPS molecules without the O-antigen that is common to many enteric Gram-negative bacterial species. Instead, the outer core region of LPS is the most distal and highly variable component of the P. multocida LPS. Our previous studies on strains representing serovars 1, 2, 3, 4, 5, 8, 9, 13 and 14 have shown that a number of Heddleston type strains share a common LPS outer core biosynthesis locus but differ in LPS structure due to mutations within LPS genes Harper et al. 2011; Harper et al. 2012; ). This fundamental knowledge of the structure and genetics of P. multocida LPS will facilitate the development of an accurate, genetically based, LPS typing system as well as improve understanding of vaccine efficacy and failure.
This current study was undertaken to investigate the LPS and underlying genetics of strains representing Heddleston serovars 10, 11, 12 and 15. Our analysis shows that these strains share the same LPS outer core biosynthesis locus, which we have named L6. However, they produce different LPS structures, due to mutations within the L6 locus. The analysis of the mutations within the L6 locus in each strain, together with bioinformatic analysis and LPS structural differences, has enabled us to assign a predicted function to most of the L6 glycosyltransferases. In addition, we show that the L6 locus is evolutionarily related to the L3 locus and demonstrate that a single point mutation in a hexosyltransferase gene alters the nucleotide donor sugar specificity of the encoded 1,6-glycosyltransferase transferase from UDP-glucose to UDP-galactose.
Results

Structural analyses
Sugar analysis of the purified LPS from the serovar 10 type strain, P2100, revealed the presence of glucose (Glc) and L-glycero-D-manno-heptose (LD-Hep) in the approximate ratio of 2:3, respectively, whereas analysis of LPS isolated from the serovar 11 type strain, P903, revealed an approximate ratio of 2:1 for Glc and LD-Hep, respectively. Analysis of the LPS purified from the serovar 15 type strain, P2237, revealed the presence of an additional sugar galactose (Gal) as well as Glc and LD-Hep in the approximate ratio of 1:1:2, respectively. The serovar 12 type strain, P1573, elaborated the longest LPS structure containing Glc, Gal, N-acetylglucosamine (GlcNAc) and LD-Hep in the approximate ratio of 1:2:2:2, respectively. A small amount of GlcNAc was also identified in samples from strains representing serovars 10, 11 and 15, as is often observed from sugar analyses on LPS and presumably derives from the lipid A.
Capillary electrophoresis-electrospray-mass spectrometry (CE-ES-MS) analysis (Table I) , corresponding to a composition of 2Hex, 3Hep, Kdo-P, phosphoethanolamine (PEtn), lipid A-OH for the smallest molecule and an additional PEtn for the larger molecule. Analysis of LPS-OH isolated from the serovar 11 type strain gave a triply charged ion at m/z 781.2 3− corresponding to a composition of 2Hex, 4Hep, Kdo-P, lipid A-OH as the major glycoform (with smaller amounts of more truncated species also observed) and LPS-OH from the serovar 15 type strain revealed major triply charged ions at m/z 875.9 3− and 916.9 3− corresponding to a composition of 3Hex, 4Hep, Kdo-P, PEtn, Lipid A-OH for the smallest molecule and an additional PEtn for the larger molecule. Finally, analysis of LPS-OH from the serovar 12 type strain revealed triply charged ions at m/z 1011.0 3− and 1051.8 3−
corresponding to a composition of HexNAc, 5Hex, 4Hep, Kdo-P, PEtn and Lipid-OH for the smallest molecule and an additional PEtn for the larger molecule. Importantly, CE-ES-MS analysis of core oligosaccharides (OS) ( Table I) isolated from each type strain corroborated the LPS-OH analyses.
To determine the linkage pattern of each LPS molecule, methylation analysis was performed. Analysis of the fractionated core OS [Fraction (Fr.) 17] from the serovar 10 type strain revealed the presence of terminal Glc, terminal LD-Hep and 3,4,6-trisubstituted LD-Hep in approximately equimolar amounts. Similarly, methylation analysis on the fractionated core OS (Fr. 16) from the serovar 11 type strain revealed the same residues as above with the additional identification of a 6-substitu ted Glc and a 2-substituted LD-Hep. Furthermore, the relative amounts of terminal LD-Hep and terminal-Glc residues had increased and decreased, respectively, when comparing serovar 11 with serovar 10. Methylation analysis on the fractionated core OS (Frs. 30-31) from the serovar 15 type strain revealed a terminal Glc, terminal Gal, 6-substituted Glc, terminal LD-Hep, 6-substituted LD-Hep and 3,4,6-trisubstituted LD-Hep in approximately equimolar amounts. Thus, a terminal Gal and a 6-substituted-LD-Hep residue were unique to the serovar 15 OS when compared with serovars 10 and 11. Methylation analysis on the combined fractions core OS from the serovar 12 type strain revealed that serovar 12 elaborates the largest OS with a terminal Glc, terminal Gal, 4-substituted Glc, 6-substituted Glc, 3-substituted-Gal, terminal LD-Hep, 6-substituted LD-Hep, 4-sub stituted-N-acetyl glucosamine and 3,4,6-disubstituted LD-Hep in approximately equimolar amounts.
In order to elucidate the exact locations and linkage patterns of the carbohydrate residues, nuclear magnetic resonance (NMR) studies were performed on completely deacylated LPS fractions that gave the most resolved and homogeneous spectrum for each serovar (Table II ). The assignment of 1 H resonances of the inner core OS for each serovar was achieved by correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY) and nuclear Overhauser effect spectroscopy (NOESY) experiments with reference to the published data for the structurally related OS from P. multocida serovars 1, 2 and 3 St Michael et al. 2009; and revealed that the conserved inner core structure (ending at Glc I) was present for all serovars (Table II) . Similarly, the assignment of 13 C resonances of the samples (Table II) The residues of the oligosaccharide extension beyond Hep IV in serovar 12 were characterized by COSY, TOCSY and NOESY experiments (Figure 1) . A glucose residue (Glc III) with an anomeric resonance of 4.57 ppm was identified by virtue of a characteristic spin system in TOCSY experiments. An inter-NOE connectivity from the anomeric proton of this residue to a resonance at 4.17 ppm was observed. This resonance was assigned as the proton at the 6th position of the Hep IV residue by virtue of 13 C-1 H HSQC and 13 C-1 H HSQC-TOCSY experiments (data not shown). This assignment is also consistent with the methylation analysis data which identified a 6-linked LD-Hep residue. A galactose residue (Gal I) with an anomeric resonance of 4.52 ppm was identified by virtue of a characteristic spin system in TOCSY experiments. An inter-NOE connectivity from the anomeric proton of this residue to a resonance at 3.72 ppm was observed. This resonance was assigned as the proton at the 4th position of the Glc III residue and is consistent with the methylation analysis data which identified a 4-linked Glc residue. A glucosamine residue (GlcN) with an anomeric resonance of 5.02 ppm was identified as having a gluco configuration by virtue of a characteristic spin system in TOCSY experiments. Further, in a 13 C-1 H HSQC experiment, it was determined to be an amino sugar by virtue of its 1 H resonance of its H-2 proton at 3.18 ppm correlating to a 13 C chemical shift of 57.2 ppm, consistent with a nitrogen-substituted carbon atom. An inter-NOE connectivity from the anomeric proton of this residue to a resonance at 3.90 ppm was observed. This resonance was assigned as the proton at the 3rd position of the Gal I residue and is consistent with the methylation analysis data which identified a 3-linked Gal residue. A galactose residue (Gal II) with an anomeric resonance of 4.47 ppm was identified by virtue of a characteristic spin system in TOCSY experiments. An inter-NOE connectivity from the anomeric proton of this residue to a resonance at 3.78 ppm was observed. This resonance was assigned as the proton at the 4th position of the GlcN residue and is consistent with the methylation analysis data which identified a 4-linked GlcN residue. For serovar 15, consistent with the MS analyses, only one additional residue beyond the Hep IV was identified. A galactose residue (Gal I) with an anomeric resonance of 4.48 ppm was identified by virtue of a characteristic spin system in TOCSY experiments. An inter-NOE connectivity from the anomeric proton of this residue to a resonance at 4.17 ppm was observed. This resonance was assigned as the proton at the 6th position of the Hep IV residue and is consistent with the methylation analysis data which identified a 6-linked LD-Hep residue.
For serovar 11, consistent with the MS analyses, the chemical shifts for the spin system from the anomeric resonance at 4.95 ppm were consistent with a terminal LD-Hep residue. Inter-NOE connectivities from the anomeric proton of this residue to Residues unique to serovars 10, 11 and 15 are detailed below serovar 12 data. Data were recorded at 25°C; referenced to internal acetone at 2.225/31.07 ppm.
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resonances at 4.07 and 3.72 ppm were observed. These resonances were assigned as the protons at the 6th position of the Glc I residue and are consistent with the methylation analysis data which identified a 6-linked Glc residue.
For serovar 10 LPS, consistent with the MS analyses, there were no resonances detected other than those assigned to the inner core structure; the chemical shifts for the spin system from the anomeric resonance at 4.67 ppm were consistent with a terminalGlc residue. An inter-NOE connectivity from the anomeric proton of this residue to a resonance at 4.18 ppm was observed. This resonance was assigned as the proton at the 4th position of the Hep I residue and is consistent with the methylation analysis data which identified a 3, 4, 6-linked LD-Hep residue.
Confirmation of phosphate substitution at the 3rd position of Hep II on the LPS isolated from serovars 10, 12 and 15 was obtained from the chemical shifts of the proton resonances of each Hep II residue. As can be seen for serovar 12 (Figure 1 , Table II) , the proton resonances for the Hep II residue (F) of F2 at 4.32 ppm, F3 at 4.46 ppm and F4 at 4.08 ppm exhibit a characteristic downfield shift and are consistent with phosphorylation at the 3rd position of Hep II, as we have shown previously ). This was corroborated by the 13 C-1 H HSQC experiments that revealed 13 C resonances consistent with phosphorylation (Table II) . No phosphorylation of the Hep II residue was observed in the LPS isolated from the serovar 11 type strain (Table II) .
Genetic analyses of the L6 LPS outer core biosynthesis locus in serovars 10, 11, 12 and 15 Nucleotide sequencing of the LPS outer core biosynthesis loci encoded by the Heddleston type strains representing serovars 10, 11, 12 and 15 (P2100, P903, P1573 and P2237, respectively) revealed that they shared a common locus with over 99% identity at the nucleotide level. This LPS outer core biosynthesis locus was named L6 and contains seven LPS glycosyltransferase genes that we have designated nat_ps, hetA, gatJ, nctB, gatH, gctD and hptE (Figure 2 ). The L6 locus in the serovar 12 type strain (P1573), which elaborated the longest LPS outer core structure (Figure 2) , contained five open reading frames and two pseudogenes named hetA (nonsense mutation C619T) and nat_ps. The pseudogene nat_ps was not intact in any of the strains examined; in the serovar 11 and 15 type strains a point mutation, C400T, resulted in an immediate stop and in serovar 10 and 12 nat_ps contained an additional nucleotide at position 321 leading to a frame shift and early termination of translation. In the serovar 15 type strain P2237, which elaborates the second longest LPS outer core (Figure 2) , nctB was also present as a pseudogene due to a single base insertion (A271), while in the serovar 11 type strain (P903) gatJ and gctD were both pseudogenes as the result of deletions; A973 in gatJ and A405 in gctD. Finally, in the serovar 10 type strain (P2100), which produced LPS lacking all of the outer core, hptE was non-functional as a result of a single base deletion (A66) (Figure 2) .
Comparative bioinformatic analysis of the L6 locus with other characterized P. multocida LPS outer core biosynthesis loci revealed shared synteny between the L6 locus and the L3 locus , with an overall nucleotide identity of 80% across the entire locus and 68-98% for individual genes (Figure 2) .
In summary, the genetic analysis of the LPS outer core biosynthesis locus, taken together with the LPS structural data, clearly indicates that the LPS structures produced by strains Fig. 1 . NMR analyses of completely deacylated LPS from P. multocida serovar 12 type strain P1573. Regions of overlapped COSY (green-cyan), TOCSY (red) and NOESY (blue) spectra (both panels) of the core oligosaccharide. Residues are labeled as indicated in Table II. P. multocida LPS genotype L6; genetics and structure belonging to serovars 10, 11, 12 and 15 are related. However, there was significant variation in length of the LPS outer core, which ranged from no outer core (serovar 10) to five residues in length (serovar 12) (Figure 2 ). This variation in the LPS outer core structure is consistent with their serological distinction using the Heddleston serovar typing system. Addition of Glc or Gal to Hep IV is dictated by a single nucleotide change Bioinformatic analysis revealed that gctD in serovar 12 is a predicted glycosyltransferase gene belonging to glycosyltransferase family 25 that shares 78% nucleotide identity with the 1,6-glucosyltransferase gene, gctC, in the L3 locus of P1059. In the serovar 11 type strain (P903), gctD is a pseudogene as a result of a single nucleotide deletion (nucleotide 405). In agreement, carbohydrate structural analysis of the LPS produced by strain P903 showed that the LPS structure terminates at Hep IV (Figure 2 , Table I ). Together, these data indicate that gctD encodes the 1,6-glycosyltransferase required for the addition of Glc I to the 6th position of Hep IV.
However, structural data from LPS isolated from the serovar 15 type strain, P2237, revealed that a Gal residue was attached to the 6 position of Hep IV and not Glc, as was observed for serovar 12 LPS (Tables II and III, Figure 2 ). Nucleotide analysis of the equivalent gene in the serovar 15 locus revealed that it differed from the serovar 12 gctD by a single base (G484A) resulting in a single amino acid change (A162T) in the encoded glycosyltransferase. Together with the LPS structural differences observed between the serovar 12 and 15 type strains, the Fig. 2 . Schematic representation of the P. multocida L6 LPS outer core structures and outer core biosynthesis locus compared with the L3 outer core structure and locus. Percentage similarity at nucleotide level between the L6 glycosyltransferase genes and the L3 glycosyltransferase genes is shown. The P. multocida glycosyltransferase genes known or predicted to be required for the assembly of the outer core are shown below each linkage on the full-length structures expressed by the serovar 3(P1059) and 12 (P1573) type strains, respectively. LPS biosynthesis genes are shown in white while rpl31_2, unrelated to LPS biosynthesis, is shown in gray. Mutations in the L6 locus, specific to serovars 10, 11, 12 and 15, and the corresponding LPS outer core structures are also shown. The conserved inner core structure, up to and including Glc I, is shown below (glycoform A only shown). Non-stoichiometric additions of PEtn are shown with a dotted line. Residues are Gal, galactose; GalNAc, N-acetylgalactosamine; Glc, glucose; GlcNAc, N-acetylglucosamine; Hep, heptose; Kdo, 3-deoxy-D-manno-octulosonic acid; P, phosphate; PEtn, phosphoethanolamine.
genetic data indicated that the single amino acid change (A162T) changed the specificity of the nucleotide donor sugar from UDP-Glc to UDP-Gal. To firstly confirm that both transferases were functional 1,6-hexosyltrasferases required for the addition of a hexose to Hep IV, we independently cloned gctD and the equivalent gene from serovar 15, which we have named gatB, into the expression vector pAL99 to generate the plasmids pAL761 and pAL538, respectively (Table III) . These plasmids were then separately used to transform a P. multocida LPS mutant, AL1422. Strain AL1422 expresses two LPS glycoforms, one of which terminates at Hep IV and is identical to the acceptor molecule required for the GctD/GatB glycosyltransferase activity in serovars 12 and 15 (Table I) . LPS compositional data obtained from strain AL1525, expressing GctD, and from the equivalent strain, AL1522, expressing the ortholog GatB, revealed that both strains produced an LPS glycoform with an additional hexose. To identify the hexose added by each hexosyltransferase, we transformed AL725 with the above plasmids and analyzed the LPS for the addition of phosphocholine. Strain AL725 produces the appropriate LPS acceptor molecule terminating at Hep IV ) but importantly also expresses an endogenous LPS phosphocholine transferase that transfers PCho only to terminal Gal residues ). MS analysis of the strains expressing the heterologous P. multocida LPS genotype L6; genetics and structure hexosyltransferases revealed that AL725 expressing the predicted glucosyltransferase, GctD, produced LPS glycoforms extended by a single Hex residue. In contrast, AL725 expressing the predicted galactosyltransferase, GatB, produced LPS glycoforms extended with both a Hex and PCho (Table I) . Together, these data indicate that gctD encodes the 1,6-glycosyl transferase, and gatB encodes the 1,6-galactosyltransferase required for the addition of Glc or Gal, respectively, to the 6 position of Hep IV. Glycosyltransferase specificity is typically very high with respect to both the acceptor molecule (nascent LPS) and the nucleotide sugar donor. Therefore, we hypothesized that the addition of Gal instead of Glc to the serovar 15 LPS would alter the LPS acceptor molecule sufficiently to prevent any further assembly of the LPS outer core. However, nctB in the serovar 15 type strain was a pseudogene, due to a frame-shift mutation (deletion of nucleotide 285), and it was possible that the encoded protein, NctB, was the β-1,4-galactosyltransferase required for the addition of the next residue. To exclude this possibility, we cloned both gctD and nctB together into the P. multocida expression vector, pAL99, and used the recombinant plasmid ( pAL872) to transform the LPS mutant AL725 (Table III) . Structural analysis of LPS expressed by AL2082 (AL725 with pAL872) revealed only a single Hex added to the LPS molecule, confirming that GctD was able to transfer the Glc I residue to Hep IV (Table I) . However, there were no further additions to the outer core structure, indicating that as NctB was unable to add Gal to Glc I and was therefore not a β-1,4-galactosyltransferase. Moreover, these results showed that, in the serovar 15 type strain, the addition of Gal instead of Glc to the Hep IV was sufficient to arrest LPS assembly.
Characterization of other L6 glycosyltransferases
The L6 locus contains six open reading frames, to which we have given the following gene names, hetA, gatJ, nctB, gatH, gctD, hptE, and one pseudogene, nat_ps (Figure 2) . The gene hetA shares 68% nucleotide identity with the galactosyltransferase gene gatG in the L3 locus . However, hetA is a pseudogene in the serovar 12 type strain (P1573) which produces the longest outer core LPS structure (Figure 2) , clearly proving that hetA is not required for the assembly of L6 LPS up to and including the terminal Gal II residue. It is possible that hetA is either redundant or required in as yet undiscovered L6 strains for the addition of a residue beyond Gal II, producing an even longer LPS glycoform than that produced by the serovar 12 type strain. The start of the pseudogene nat_ps (up to nucleotide 451) displayed 99% nucleotide identity to the same region of the N-acetyl-galactosyl transferase gene, natC, in the LPS outer core biosynthesis locus L3 . Thereafter, the level of nucleotide identity of nat_ps with the L3 natC was only 73% (Figure 2 ). This abrupt change in nucleotide identity within nat_ps suggests that one or more recombination events have occurred within this gene.
The heptosyltransferase required for the addition of Hep IV to the 6 position of Glc I is the highly conserved heptosyltransferase HptE, previously characterized in the serovar 1 strain VP161 ). The hptE gene is non-functional in the serovar 10 type strain P2100, due to a deletion (nucleotide 66) leading to a frame shift and early termination of translation. LPS analysis of the serovar 10 type strain confirmed that HptE is inactive as the LPS lacks all of the outer core (Figure 2 , Table I ). The L6 gene gatH shares 70% nucleotide identity with gatF in the LPS outer core biosynthesis locus L3 and is located at the equivalent position next to rpl31_2 (Figure 2) . In L3 LPS assembly, gatF encodes the β-1,4-galactosyltransferase required for the addition of Gal I to the 4 position of Glc IV . Moreover, the glycosyltransferase encoded by the L6 gatH shares 63% amino acid identity with another β-1,4-galactosyltransferase, GatD, used for LPS assembly in the serovar 2 and 5 type strains ). Therefore, we predict that GatH is the β-1,4-galactosyltrans ferase required for the transfer of Gal I to the 4 position of Glc III in the L6 LPS outer core (Figure 2) .
The L6 genes gatJ and nctB shared significant nucleotide identity with each other (72%) and to the L3 α-1,3-glycosyl transferase gene natB (70 and 68%, respectively). Given the high degree of synteny observed between the L6 and L3 loci, the existence of two homologues (gatJ and nctB) in the L6 loci suggests that these genes were both derived from the L3 gene natB (Figure 2) . Structural and genetic analysis of the LPS produced by two L6 fowl cholera field isolates (PM51 and PM120) indicated that, relative to the serovar 12 LPS structure, the LPS lacked the terminal Hex-HexNAc residues (Table I ). Sequence analysis of both genes in isolate PM51 revealed that gatJ shared 100% nucleotide identity with gatJ in the serovar 12 type strain but that nctB contained a point mutation resulting in a single amino acid change (T222K) when compared with the serovar 12 type strain. An identical nctB mutation was also found in the field isolate PM121. It is possible that this mutation within nctB is sufficient for the encoded glycosyltransferase to be nonfunctional and that the role of NctB in LPS assembly is as the 1,3-N-acetyl-glucosyltransferase required for the addition of GlcNAc to Gal I in L6 LPS assembly. Therefore, we predict that the remaining gene in the locus, GatJ, performs the only unassigned glycosyltransferase function in the L6 LPS outer core assembly, namely the addition of the terminal Gal II onto the 4 position of GlcNAc (Figure 2 ).
Discussion
In this study, we have determined that the P. multocida serovar type strains 10, 11, 12 and 15 share the same outer core biosynthesis locus, L6, but produce LPS of variable length ranging from LPS that comprises only the inner core sugars (serovar 15) to LPS with an outer core consisting of β-Gal-(1,4)-β-Glc NAc-(1,3)-β-Gal-(1,4)-β-Glc-(1,6)-α-LD-Hep attached to the 6th position of the inner core β-Glc (serovar 12). Bioinformatic analysis of the L6 outer core biosynthesis locus indicated that the LPS structural differences within the serovar 10, 11, 12 and 15 type strains correlated with specific point mutations in glycosyltransferase genes located within the LPS outer core biosynthesis locus L6. We have used information gained from these mutations together with heterologous expression experiments to assign a role for all the L6 glycosyltransferases in the L6 LPS assembly. Additional comparative bioinformatic analysis revealed that all of the glycosyltransferase genes within the L6 locus shared a high degree of nucleotide identity with the glycosyltransferase genes in the LPS outer core biosynthesis locus, L3 ). Moreover, the high level of nucleotide identity (68-72%) shared between natB from the L3 locus and the L6 genes gatJ, nctB (Figure 2 ) suggests that the two L6 genes have arisen as the result of a gene duplication event in an L3 ancestral strain. This ancestral relationship between L3 and L6 is further supported by the alignment of the L6 nat_ps with the L3 natC, revealing that the first 451 nucleotides share 99% identity, but thereafter identity is only 73%, indicative of a major recombination event.
We have also demonstrated that two glycosyltransferases belonging to the glycosyltransferase 25 family can show a very high level of amino acid identity yet perform different functions in LPS assembly. GctD and GatB differ by only one amino acid residue A162T. However, this amino acid change is sufficient for a functional change with sugar donor specificity changing from UDP-Glc to UDP-Gal. Therefore, the two genes (and encoded glycosyltransferases) have been given different names according to their known function: gctD encodes a glucosyltransferase (GctD) that is required for the transfer of Glc to the 6 position of Hep IV and gatB encodes the galactosyltransferase (GatB) required for the addition of Gal to Hep IV. Importantly, the Heddleston 15 type strain P2237, which expresses GatB, produces an LPS molecule that terminates at this Gal residue indicating that the addition of a Gal to Hep IV changes the LPS acceptor molecule sufficiently to prevent any further assembly of the LPS.
A similar change in glycosyltransferase donor sugar specificity due to a single amino acid change has been observed previously in Haemophilus influenzae. The LPS glycosyltransferase, Lex2B, is a family 25 glycosyltransferase that adds the second Glc to the 4 position of Glc I in the LPS produced by many H. influenzae strains. However, in some isolates, there is an amino acid difference (A157T) in Lex2B that changes the donor specificity to UDP-Gal, resulting in the addition of Gal instead of Glc to the LPS structure (Deadman et al. 2009) . A similar phenomenon was also observed with the H. influenzae gene, lpsA, encoding a family 25 glycosyltransferase required for the addition of a Hex to the distal Hep in the inner core. In this glycosyltransferase, LpsA, the amino acid change C151T altered the donor specificity from UDP-Glc to UDP-Gal (Deadman et al. 2006 ). Analysis of the two H. influenzae transferases revealed that these amino acid substitutions are in the identical position in each of the enzymes (Deadman et al. 2009 ). Supporting this finding, our bioinformatic analysis aligning six different P. multocida family 25 glycosyltransferases, each with a known function in LPS assembly (GctD, GatA, GatC, GctC, GatD, GatF), revealed that UDP-Gal donor specificity always correlated with a threonine residue in the 162 position (or equivalent), and UDP-Glc specificity correlated with an alanine in this position. Thus, we suggest that donor specificity of similar family 25 glycosyltransferase can be predicted based on the amino acid at this position.
Interestingly, the terminal region of the L6 LPS (β-Gal-(1,4)-β-GlcNAc-(1,3)-β-Gal-(1,4)-β-Glc) is identical in structure to paragloboside, the precursor for P1 antigen and the type 2 oligosaccharide that carry ABH blood group antigens (Harmening 2012) . Bacterial mimicry of paragloboside has also been reported in Haemophilus ducreyi (Gibson et al. 1997) , Campylobacter jejuni (Houliston et al. 2011) and Neisseria gonorrhoeae, where its expression on LPS correlates with in vivo fitness (Schneider et al. 1991) . Molecular mimicry of the globo-series of blood group antigens (Gb3, Gb4) has also been observed in P. multocida strains belonging to the LPS genotype L3 ).
In conclusion, we determined the LPS structures produced by Heddleston serovars 10, 11, 12 and 15 and showed that they share a common outer core biosynthesis locus, L6. We propose that the L6 locus is likely to have evolved from the L3 LPS outer core biosynthesis locus based on the high degree of nucleotide identity across the entire locus. However, as the result of gene duplication, gene redundancy and nucleotide divergence, the LPS outer core structure produced by L6 strains is markedly different from that produced by strains belonging to the L3 LPS genotype. Structural analysis revealing the range of LPS structures produced by strains belonging to the L6 genotype, together with bioinformatic analysis, has allowed us to assign functions for genes within the locus. We have also shown that the family 25 glycosyltransferases, GctD and GatB, differ by only a single amino acid (A162T) yet use different donor sugars.
Materials and methods
Bacterial strains, media and growth conditions
The strains used in this study are shown in Table III . Escherichia coli was grown routinely in Luria-Bertani broth. P. multocida was routinely grown in brain heart infusion or heart infusion. Solid media were obtained by the addition of 1.5% agar (w/v). When required, the media were supplemented with kanamycin (50 μg/mL). For large-scale growth required for LPS isolation, mid-log phase cultures of P. multocida were prepared as described previously ).
Structural analysis of LPS LPS was isolated and purified as described previously . O-deacylated LPS, completely deacylated LPS and core OS were prepared as described previously . Sugars were determined as their alditol acetate derivatives and linkage analysis determined following methylation analysis by GLC-MS as described previously . ES-MS and NMR experiments were performed as described previously .
DNA manipulations
The plasmids and oligonucleotides used in this study are shown in Table III . P. multocida genomic DNA was prepared using the cetyltrimethyl ammonium bromide method (Ausubel et al. 1995) . Polymerase chain reaction (PCR) amplification of DNA was performed using Taq DNA polymerase or the Expand High Fidelity PCR System (Roche) and PCR products were purified using the QIAquick PCR Purification Kit (Qiagen). Restriction digests and ligations were performed according to the manufacturers' instructions using enzymes obtained from NEB. Amplification of the L6 LPS outer core biosynthesis locus in each strain was performed initially using oligonucleotides designed within the conserved genes P. multocida LPS genotype L6; genetics and structure flanking (priA and fpg) and within (rpL31_2) the LPS loci (Table III) . Further primers for additional amplifications and sequencing were designed within the L6 locus as required. The nucleotide sequence of both strands was determined by sequencing of amplified PCR fragments using the Applied Biosystems 3730S Genetic Analyser. Sequencing chromatograms were analyzed and the LPS loci assembled using Vector NTI Advanced 11 (Invitrogen). Bioinformatic analyses including amino acid sequence alignments were conducted using BLAST and Clustal W2. The GenBank accession number for the nucleotide sequence of the L6 LPS outer core biosynthesis loci (in serovar 12) is KJ689443.
Construction of VP161 pcgC/gatA double mutant, AL1422 For recombinant expression of the serovar 12 hexosyltransferase orthologs (GctD and GatB) without the endogenous PCho transferase expressed by strain VP161, we constructed a pcgC/ gatA double mutant (AL1422). TargeTron ® (Sigma-Aldrich) mutagenesis was used to inactivate the gatA gene in the VP161 pcgC single cross-over mutant, AL571 (Harper et al. 2007; Steen et al. 2010) . Briefly, the plasmid pAL712 (Table III) , containing an intron correctly targeted to gatA, was used to transform AL571 by electroporation. Transformants containing integrated intron were identified by colony PCR using oligonucleotides that flanked gatA, BAP3132 and BAP3654 (Table III) . Direct sequencing from AL1422 genomic DNA was performed using the intron-specific EBS universal primer (Table III) to confirm correct integration of the intron into gatA.
Recombinant expression of L6 LPS glycosyltransferases
To determine the function of GatB and GctD, the gene encoding each transferase was amplified by PCR from the appropriate genomic DNA using oligonucleotides that flanked the target gene (Table III) .The amplified products encoding gatB and gctD were digested with the appropriate restriction enzyme then cloned into the P. multocida expression vector pAL99 to generate the plasmids pAL538 and pAL761, respectively (Table III) . The appropriate region of each of the recombinant plasmids was sequenced to check the fidelity of each of the cloned genes. For heterologous expression experiments, the vector pAL99 or the appropriate recombinant plasmid were separately used to transform the VP161 gatA mutant (AL725) or the VP161 pcgC/gatA double mutant (AL1422), both of which produce the appropriate acceptor LPS molecule that terminates at Hep IV (Table III) .
For construction of the gctD/nctB expression plasmid, pAL872, nctB and gctD were amplified separately by PCR from P1573 genomic DNA using oligonucleotides flanking each gene (Table III) . The fragment containing nctB was first cloned into the BamHI and SalI sites of pAL99. Following this, the intermediate plasmid and the PCR fragment containing gctD were digested with BamHI and ligated together. Transformants were screened by PCR for the correct orientation of nctB and the appropriate region of the recombinant plasmid was sequenced to check the fidelity of each of the cloned genes.
